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ABSTRACT
Thanatomicrobiome, or the postmortem microbiome, has been recognized as a useful microbial
marker of the time and location of host death. In this mini-review, we compare the
experimental methods commonly applied to thanatomicrobiome studies to the state-of-the-art
methodologies in the microbiome field. Then, we review present findings in
thanatomicrobiome studies, focusing on the diversity of the thanatomicrobiome composition
and prediction models that have been proposed. Finally, we discuss potential improvements
and future directions of the field.
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Introduction
The human microbiome project has revealed that there
are 10 times more microbial cells than human cells in
and on the surface of a human body [1,2]. The spatial
temporal diversities of the microbes are surprisingly
large: not all microbes are present on all body sites [1–4],
certain microbes and microbial assemblages colonize of
certain body parts, and the composition of the microbial
communities change due to intrinsic (that is, health and
disease states of the host) and extrinsic (for example,
temperature [5,6], humidity [6], use of drugs and antibi-
otics [7] and diet [8]) factors. These changes, albeit
dynamic, are often highly predictable [5,6,8,9]. It is not
only intriguing how the microbiome mechanistically
interacts with the intrinsic and extrinsic factors, but also
of great interest is its potential to serve as a microbial
marker of these factors.
The concept of the microbiome composition acting
as a biomarker has also been applied after the host
has died, and is especially relevant in the field of
forensic sciences. The microbial community associ-
ated with the host after death is referred to as thana-
tomicrobiome [10], named after Thanatos, the
representation of death in Greek mythology. Upon
death, host tissues and cells decompose and cellular
components are released to the surrounding tissues,
resulting in significant changes in the host environ-
ment overtime [11–13]. Such changes shape, and are
influenced by, host microbes as well as environmental
microbes, resulting in characteristic microbial com-
munity dynamics specific to thanatomicrobiome.
Although thanatomicrobiome is a relatively new topic
in forensic sciences and microbiome studies, its
potential as an addition to the forensic toolbox is
enormous. In this paper, we review present studies of
thanatomicrobiome in two aspects. First, we review
the methods that have been used to profile thanato-
microbiome and compare them to the state-of-the-art
methods applied in other microbiome studies. Next,
we review major findings in the community charac-
teristics of thanatomicrobiome, with a focus on the
diversity and robustness of the microbial communi-
ties, proposed microbial markers, and the usefulness
of (or the lack of) proposed predictive models.
Methods in microbial community profiling and
their applications in thanatomicrobiome
studies
Most microbiome studies involve generating composi-
tional profiles of the microbiome, through characteriz-
ing what microbes are present and estimating their
abundance – both of which are strongly associated with
the spatial–temporal traits of the community [1,2,14].
Accurate compositional profiling of thanatomicrobiome
is the first step towards identifying forensically relevant
microbial markers. Microbiome composition can be
investigated using culture-dependent or culture-
independent method. Culture-dependent method relies
on isolating or culturing living microbes from environ-
mental samples and characterizing the cultured
microbes. It allows identification of microbes with
high-confidence and high-taxonomic resolution. How-
ever, a major disadvantage of such method is the bias
imposed by the culture conditions [15–18]. For exam-
ple, it had been estimated in the past that over 99%
of the microbes in the environment cannot be
cultured in a standard lab setting and over 50% of the
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human-associated microbes are “unculturable” [18].
Presently, new attempts of “culturomics” studies have
significantly improved the diversity of culturing condi-
tions, leading to the identification of numerous previ-
ously uncultured bacteria [19–21]. Nonetheless, being
able to culture a microbe does not eliminate the cultur-
ing bias: because microbes have different ability to
grow under different culture conditions, it is still
extremely hard, if not impossible, to infer the abundan-
ces of the cultured microbes in their native community.
On the other hand, culture-independent method
directly extract and sequence genetic materials from
samples, representing a more realistic, comprehensive
and high-throughput profiling of the community of
interest [22–24]. Common approaches to conduct the
sequencing fall in the category of marker gene-based
sequencing and shotgun metagenomic whole genome
sequencing (mWGS). Marker gene sequencing is con-
ducted by first amplifying a genomic region that is
conserved within a taxon but variable among taxa.
Common marker genes include the 16S RNA gene for
bacteria and archaea and internal transcribed spacer
for fungi. Being the most commonly used culture-inde-
pendent method, marker gene sequencing has the
advantage of costing less time and money, but its reso-
lution is limited by the length of the marker [25] –
based on present computational methods, 16S RNA
data can only generate composition-based profiling
that has no higher than genus-level resolution. Even at
genus-level, the method has poor discriminatory
power for some taxa [26,27]. Other technical issues
with 16S RNA sequencing includes isolate purity, PCR
primer selection bias and possible chimeric molecule
formation [28–31]. Finally, sequencing of only the
marker gene region limits the investigation of func-
tional traits of the community.
Alternatively, mWGS directly sequences all DNA
material extracted from a sample. Compared to marker
gene sequencing, mWGS explores a much larger
sequence space and genetic diversity. Therefore, the
method is naturally more costly than marker gene
sequencing, but is able to profile microbial communi-
ties with much higher taxonomic resolution and is less
biased [25]. Recently, it has been shown that mWGS
data not only enable species-level profiling of a micro-
bial community, but also accurate tracking of strain-
level transmissions and evolutions in microbial com-
munities [32,33]. Another advantage of mWGS is that
it provides a full picture of the community – not only
from a perspective of taxonomic composition, but also
regarding what functional genes are present in the
microbes – for all genetic sequences present in the
community will be sequenced given adequate coverage.
However, the major challenge for mWGS method lies
in the development and choice of efficient yet accurate
computational methodology to analyze the massive
data [34,35]. For taxonomic profiling alone, there are
dozens of software packages that classify sequencing
reads based on different algorithms including sequence
alignment [36,37], Bayesian classifier [38,39] or k-mer
mapping [40,41], each of which has its advantages and
limitations. On top of that, analyses results of mWGS
data greatly depend on the comprehensiveness and
goodness of annotation of the reference database, mak-
ing cross-validation of mWGS-based findings highly
difficult.
Present studies of thanatomicrobiome are pre-
dominantly based on 16S RNA sequencing. Consid-
ering the fact that 16S RNA sequencing is suitable
for large number of samples, is well established for
longitudinal analyses [25], provides consistent esti-
mates, is less costly and takes less time to analyse,
the method is suitable for screening relevant micro-
bial markers to infer the time and location of death,
which could be time-sensitive in forensic applica-
tions. On the other hand, the ability of mWGS to
track microbial strains that transfer between samples is
highly desirable in forensic science. Especially, strain-
tracking is based on single nucleotide polymorphism
(SNP)-resolution sequence types; its high accuracy and
low probability of false positives allow the technique to
serve as potential evidence of physical contact, instead
of simply inferring the time and location of death.
Accurate strain-tracking based on mWGS data has
been successfully applied to studies on the population
structure of skin microbiome [42] and vertical trans-
mission of microbiome from mother to infants [43].
Nonetheless, application of strain tracking in a forensic
setting has not yet been well established and could
potentially require improvements in the efficiency of
analyses methodologies.
Community characteristics of
thanatomicrobiome
The postmortem microbiome has two components: the
microbial community associated with internal organs
and the community associated with external body sur-
faces, commonly referred to as thanatomicrobiome
and epinecroticmicrobiome, respectively [12]. In this
section, we will use thanatomicrobiome to refer to the
microbial community associated with internal organs
while epinecroticmicrobiome for the community on
the body surfaces; in other sections of the paper, “tha-
natomicrobiome” indicates the overall postmortem
microbiome.
It has been well established that postmortem inter-
val (PMI) can be inferred based on ecological succes-
sion patterns of small organisms on the cadaver. For
example, the succession of carrion insect species has
been used to indicate PMI [44]. However, complex
organisms are often unavailable during particular
weather or season [45] and have variable developmen-
tal rates [46] and oviposition time [47,48], posing
106 W. ZHOU AND Y. BIAN
limitations in practices of PMI estimation. Therefore,
patterns of succession of microbes have emerged as an
alternative to higher organisms. Ideally, to predict PMI
based on microbial composition, a universally applica-
ble model should be proposed that incorporates tem-
poral variation in microbial abundance, but also has
the ability to adjust for other sources of variation such
as host characteristics and environments. In practice,
such model is extremely hard to establish due to the
limited amount of available data and the limited
domain of generality of the study systems.
At present, many studies have used animal models
such as rodents and swine [49–51], others used donated
human bodies or bodies from criminal cases [11,52–55].
The main concern of using animal models is whether
the system is similar enough to human bodies, although
it has been shown that swine is similar to human in
terms of the body decomposition process [56]. On the
other hand, animal models are also suitable to study the
fundamental mechanisms of the decomposition process
so as to guide studies on human bodies, which naturally
come in a much more limited number and may lead
to insufficient statistical power given a significance
level [12].
Upon death of the host, certain types of microbes
expand in internal organs and others quiescence or go
to extinct [57,58]. This change happens both in inter-
nal organs that are colonized by microbes when the
host is living (such as lungs and gut), and internal sites
that are sterile in a living host (such as blood, liver,
spleen, heart and brain [59]) but become colonized by
microbes in a sequential manner after the death of the
host [13]. For non-sterile sites such as the gut, micro-
bial richness increases after death while diversity
decreases [54]. A consistently observed pattern in tha-
natomicrobiome succession is the continuous decline
in the abundance of anaerobic taxa such as Bacteroi-
detes and Lactobacillus, that are abundant in the
microbiome of living humans [2]. The decline of these
anaerobic taxa is potentially due to the release of oxi-
dative gases during autolysis. A large scale study con-
firmed the observation, and found that the pattern of
thanatomicrobiome succession is similar within each
sex, but dissimilar between males and females [13].
Bacteria from the order Clostridiales are abundant in
both female and male cadavers, while Pseudomonas
and Streptococcus are abundant only in female and
male cadavers, respectively [13]. In terms of body sites,
brain, heart, liver and spleen have the most stable
community composition over time [13]. In addition,
the diversity of community composition among
organ tissues appears to be lower than that among
individuals [10]. Quantitative predictive models are yet
to be proposed for thanatomicrobiome, but it has been
shown that several genera from Firmicutes do exhibit
time signal.
Thanatomicrobiome is highly dynamic: substantial
variation has been observed at the same body site at
different stages of decomposition or within different
phases of the same stage [53]. In addition to temporal
changes at a body site, the exchange of microbes
among body sites as well as between the environment
and the cadaver is also highly active. Previous studies
have characterized major qualitative changes in the
composition of the thanatomicrobiome and assessed
the potential to quantitatively associate these changes
to PMI prediction. In one study, the migration of
microbes from body sites into body fluid and the sub-
sequent translocation of these microbes were observed
in at least 21 bacterial genera [60]. Most recently, it has
been demonstrated that Firmicutes sharply rise in
abundance in the soil around the cadaver [11] because
bacteria in the body are transferred to the soil, similar
to what has been observed for the thanatomicrobiome.
In addition, fly-associated taxa such as Ignatzschineria
and Wohlfahrtiimonas have been shown to expand in
postmortem gut microbiome [54], suggesting for the
importance of environment colonization in thanatomi-
crobiome succession. These findings could be a useful
cross-validation to thanatomicrobiome succession as
an indicator for PMI estimates. Additionally, environ-
mental microbial communities vary significantly across
geographic locations and environmental types [61],
therefore environmental strains identified in the thana-
tomicrobiome can potentially infer the location of the
cadaver.
The epinecroticmicrobiome is another important
biomarker of not only the time of death but also the
location of death, because epinecrotic microbial com-
munities are exposed on the surface of the body and
are in close interaction with the environments, includ-
ing environmental microbes. Therefore, studies on epi-
necroticmicrobiome usually focus on specific classes of
environmental conditions. Presently, epinecroticmi-
crobiome has been investigated under conditions
such as submersion in water [62] and placement in
forests [63]. A consistent finding of these studies is
that the environmental factors, such as seasons, play a
vital part on the epinecroticmicrobiome [12,64,65].
Nonetheless, many of these studies have low taxo-
nomic resolution (i.e. phylum) thus the findings could
be scale-specific; high-resolution profiling of the
microbiomes will allow higher statistical power, and
might discover new patterns in these communities.
Quantitatively, a statistical prediction model has been
proposed to accurately infer the time since placement
of the remains in the field [66]. The statistical predic-
tion model was predominantly based on familial level
signatures of microbial communities at the time of
placement. Moreover, a machine learning model has
been proposed most recently to estimate PMI based on
skin microbiome composition [67].
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In addition to microbiome changes on body surfa-
ces and associated with internal organs, there are also
substantial microbial changes in the substrate around
the carcass, with soil being the most well-studied
substrate. According to the observation of Cobaugh
et al. [68], changes of soil microbial communities
around human cadavers include distinct alteration in
community composition (from a community abun-
dant in Firmicutes and Proteobacteria to a community
dominated by Firmicutes), but not overall species
abundances [68]. Quantitatively, the growth curve of
Firmicutes in soil samples around human cadavers
were shown to be able to predict PMI during Tennes-
see summer conditions [11], although the generality
of the predictive model requires further studies.
Perspectives
Information contained in the thanatomicrobiome not
only has potential to improve estimates of PMI, but
could also provide clues for the decomposition location
of the cadaver, both of which are of great interest to
forensic investigations. In the past decade, the compo-
sition of thanatomicrobiome has been studied for its
temporal patterns, environmental interactions, body
site diversities and individual specificities. Many signa-
ture taxa have been proposed that could serve as
microbial clocks or biomarkers of temporal and spatial
traits of a given cadaver. In some cases, predictive
models of PMI have been proposed.
There has not yet been a consensus method for tha-
natomicrobiome information collection (such as which
tissues to sample, what sequencing libraries to make
and what sequencing platform to use) and prediction
(such as what models to use and what parameter values
to include). This is largely due to the diverse and
dynamic nature in the thanatomicrobiome composi-
tion collected from different hosts, environments and
time. Therefore, a predictive model could be very accu-
rate under certain conditions while not generalizable to
other conditions. Such conditionally accurate models
require input of prior knowledge of a given case.
Another complicating factor is the taxonomic resolu-
tion at which a model should be fitted. Not surpris-
ingly, models based on higher-resolution taxonomic
profiles better explain the observed data [13] and sig-
nificant within-clade variation has been suggested [55],
but potential risks of over-fitting and mistakenly
assigned taxonomic labels are yet to be addressed.
The succession of microbes after the death of
the host is a complex process, and many aspects of tha-
natomicrobiome could be used to give independent
estimates of the same forensic variable. These indepen-
dent estimates could be combined to improve the
accuracy of the forensic variable estimate using, for
example, a Bayesian framework. On a broader
sense, such statistical frameworks can incorporate
different observations from postmortem examinations,
including external and internal autopsies, molecular
tests, biochemical tests and thanatomicrobiome com-
positions, to give more accurate insights into the time
and the location of death.
Conclusion
Thanatomicrobiome is a new yet fast developing field
that links microbial community profiling techniques
with forensic applications. Community dynamics of
thanatomicrobiome can provide clues on decomposi-
tion location and PMI of cadavers, although interpre-
tation of the dynamics is complicated by
environmental and technical factors, and a quantitative
predictive model could have application only in certain
scenario types. Future implementation of state-of-the-
art profiling techniques such as species- and strain-res-
olution metagenomics in thanatomicrobiome studies
could provide new insights into spatial temporal fea-
tures of forensic samples.
Compliance with Ethical Standard
This article does not contain any studies with human partici-
pants or animals performed by any of the authors.
Disclosure statement
No potential conflict of interest was reported by the authors.
Funding
This study is supported by the National Natural Science
Foundation of China [grant numbers 81601651 and
81625013]; the Science and Technology Committee of
Shanghai Municipality [grant numbers 16dz1205500,
16DZ2290900 and 17DZ2273200]; the National Key R&D
Program of China [grant number 2016YFC0800703]; the
Ministry of Finance of China [grant number GY2016D1].
References
[1] Human Microbiome Project C. A framework for human
microbiome research. Nature. 2012;486:215–221.
[2] Human Microbiome Project C. Structure, function and
diversity of the healthy human microbiome. Nature.
2012;486:207–214.
[3] Schloissnig S, Arumugam M, Sunagawa S, et al. Geno-
mic variation landscape of the human gut microbiome.
Nature. 2013;493:45–50.
[4] Oh J, Byrd AL, Deming C, et al. Biogeography and
individuality shape function in the human skin meta-
genome. Nature. 2014;514:59–64.
[5] Chevalier C, Stojanovic O, Colin DJ, et al. Gut Micro-
biota orchestrates energy homeostasis during cold.
Cell. 2015;163:1360–1374.
[6] Grice EA, Segre JA. The skin microbiome. Nat Rev
Microbiol. 2011;9:244–253.
[7] Langdon A, Crook N, Dantas G. The effects of antibi-
otics on the microbiome throughout development and
108 W. ZHOU AND Y. BIAN
alternative approaches for therapeutic modulation.
Genome Med. 2016;8:39.
[8] David LA, Maurice CF, Carmody RN, et al. Diet rap-
idly and reproducibly alters the human gut micro-
biome. Nature. 2014;505:559–563.
[9] Oh J, Byrd AL, Park M, et al. Temporal stability of the
human skin microbiome. Cell. 2016;165:854–866.
[10] Can I, Javan GT, Pozhitkov AE, et al. Distinctive tha-
natomicrobiome signatures found in the blood and
internal organs of humans. J Microbiol Methods.
2014;106:1–7.
[11] Adserias-Garriga J, Hernandez M, Quijada NM,
et al. Daily thanatomicrobiome changes in soil as
an approach of postmortem interval estimation: an
ecological perspective. Forensic Sci Int. 2017;278:
388–395.
[12] Javan GT, Finley SJ, Abidin Z, et al. The thanatomicro-
biome: a missing piece of the microbial puzzle of death.
Front Microbiol. 2016;7:225.
[13] Javan GT, Finley SJ, Can I, et al. Human thanatomicro-
biome succession and time since death. Sci Rep.
2016;6:29598.
[14] Blekhman R, Goodrich JK, Huang K, et al. Host genetic
variation impacts microbiome composition across
human body sites. Genome Biol. 2015;16:191.
[15] Cecchini F, Iacumin L, Fontanot M, et al. Identification
of the unculturable bacteria Candidatus arthromitus in
the intestinal content of trouts using Dot blot and
Southern blot techniques. Vet Microbiol. 2012;156:
389–394.
[16] Harper-Owen R, Dymock D, Booth V, et al. Detection
of unculturable bacteria in periodontal health and dis-
ease by PCR. J Clin Microbiol. 1999;37:1469–1473.
[17] Stewart EJ. Growing unculturable bacteria. J Bacteriol.
2012;194:4151–4160.
[18] Wade W. Unculturable bacteria–the uncharacterized
organisms that cause oral infections. J R Soc Med.
2002;95:81–83.
[19] Lagier JC, Hugon P, Khelaifia S, et al. The rebirth of
culture in microbiology through the example of cul-
turomics to study human gut microbiota. Clin Micro-
biol Rev. 2015;28:237–264.
[20] Lagier JC, Khelaifia S, Alou MT, et al. Culture of previ-
ously uncultured members of the human gut micro-
biota by culturomics. Nat Microbiol. 2016;1:16203.
[21] Lagier JC, Raoult D. Culturomics: a method to study
human gut microbiota. Med Sci (Paris). 2016;32:923–925.
[22] Ley RE, Turnbaugh PJ, Klein S, et al. Microbial ecology:
human gut microbes associated with obesity. Nature.
2006;444:1022–1023.
[23] Ley RE, Backhed F, Turnbaugh P, et al. Obesity alters
gut microbial ecology. Proc Natl Acad Sci USA.
2005;102:11070–11075.
[24] Gill SR, Pop M, Deboy RT, et al. Metagenomic analysis
of the human distal gut microbiome. Science.
2006;312:1355–1359.
[25] Jovel J, Patterson J, Wang W, et al. Characterization of
the gut microbiome using 16S or shotgun metagenom-
ics. Front Microbiol. 2016;7:459.
[26] Bosshard PP, Zbinden R, Abels S, et al. 16S rRNA gene
sequencing versus the API 20 NE system and the
VITEK 2 ID-GNB card for identification of nonfer-
menting Gram-negative bacteria in the clinical labora-
tory. J Clin Microbiol. 2006;44:1359–1366.
[27] Mignard S, Flandrois JP. 16S rRNA sequencing in rou-
tine bacterial identification: a 30-month experiment. J
Microbiol Methods. 2006;67:574–581.
[28] Heikens E, Fleer A, Paauw A, et al. Comparison of
genotypic and phenotypic methods for species-level
identification of clinical isolates of coagulase-negative
staphylococci. J Clin Microbiol. 2005;43:2286–2290.
[29] Tang YW, Ellis NM, Hopkins MK, et al. Comparison
of phenotypic and genotypic techniques for identifica-
tion of unusual aerobic pathogenic gram-negative
bacilli. J Clin Microbiol. 1998;36:3674–3679.
[30] Woo PC, Ng KH, Lau SK, et al. Usefulness of the
MicroSeq 500 16S ribosomal DNA-based bacterial
identification system for identification of clinically sig-
nificant bacterial isolates with ambiguous biochemical
profiles. J Clin Microbiol. 2003;41:1996–2001.
[31] Janda JM, Abbott SL. 16S rRNA gene sequencing for
bacterial identification in the diagnostic laboratory:
pluses, perils, and pitfalls. J Clin Microbiol.
2007;45:2761–2764.
[32] Truong DT, Tett A, Pasolli E, et al. Microbial strain-
level population structure and genetic diversity from
metagenomes. Genome Res. 2017;27:626–638.
[33] Luo C, Knight R, Siljander H, et al. ConStrains identi-
fies microbial strains in metagenomic datasets. Nat
Biotechnol. 2015;33:1045–1052.
[34] Quince C, Walker AW, Simpson JT, et al. Shotgun
metagenomics, from sampling to analysis. Nat Biotech-
nol. 2017;35:833–844.
[35] Sharpton TJ. An introduction to the analysis of shot-
gun metagenomic data. Front Plant Sci. 2014;5:209.
[36] Langmead B, Salzberg SL. Fast gapped-read alignment
with Bowtie 2. Nat Methods. 2012;9:357–359.
[37] Segata N, Waldron L, Ballarini A, et al. Metagenomic
microbial community profiling using unique clade-spe-
cific marker genes. Nat Methods. 2012;9:811–814.
[38] Francis OE, Bendall M, Manimaran S, et al. Pathos-
cope: species identification and strain attribution
with unassembled sequencing data. Genome Res.
2013;23:1721–1729.
[39] Hong C, Manimaran S, Shen Y, et al. PathoScope 2.0: a
complete computational framework for strain identifi-
cation in environmental or clinical sequencing sam-
ples. Microbiome. 2014;2:33.
[40] Ames SK, Hysom DA, Gardner SN, et al. Scalable
metagenomic taxonomy classification using a reference
genome database. Bioinformatics. 2013;29:2253–2260.
[41] Wood DE, Salzberg SL. Kraken: ultrafast metagenomic
sequence classification using exact alignments.
Genome Biol. 2014;15:R46.
[42] Tett A, Pasolli E, Farina S, et al. Unexplored diversity
and strain-level structure of the skin microbiome asso-
ciated with psoriasis. NPJ Biofilms Microbiomes.
2017;3:14.
[43] Asnicar F, Manara S, Zolfo M, et al. Studying vertical
microbiome transmission from mothers to infants by
strain-level metagenomic profiling. mSystems. 2017;
2:e00164–16.
[44] Tomberlin JK, Mohr R, Benbow ME, et al. A roadmap
for bridging basic and applied research in forensic
entomology. Annu Rev Entomol. 2011;56:401–421.
[45] Archer MS, Elgar MA. Yearly activity patterns in
southern Victoria (Australia) of seasonally active car-
rion insects. Forensic Sci Int. 2003;132:173–176.
[46] Joseph I, Mathew DG, Sathyan P, et al. The use of
insects in forensic investigations: an overview on the
scope of forensic entomology. J Forensic Dent Sci.
2011;3:89–91.
[47] Amendt J, Zehner R, Reckel F. The nocturnal oviposi-
tion behaviour of blowflies (Diptera: Calliphoridae) in
109FORENSIC SCIENCES RESEARCH
Central Europe and its forensic implications. Forensic
Sci Int. 2008;175:61–64.
[48] Williams KA, Wallman JF, Lessard BD, et al. Nocturnal
oviposition behavior of blowflies (Diptera: Calliphori-
dae) in the southern hemisphere (South Africa and
Australia) and its forensic implications. Forensic Sci
Med Pathol. 2017;13:123–134.
[49] Benninger LA, Carter DO, Forbes SL. The biochemical
alteration of soil beneath a decomposing carcass.
Forensic Sci Int. 2008;180:70–75.
[50] Pechal JL, Crippen TL, Tarone AM, et al. Microbial
community functional change during vertebrate car-
rion decomposition. PLoS One. 2013;8:e79035.
[51] Metcalf JL, Wegener Parfrey L, Gonzalez A, et al. A
microbial clock provides an accurate estimate of the
postmortem interval in a mouse model system. Elife.
2013;2:e01104.
[52] Metcalf JL, Xu ZZ, Weiss S, et al. Microbial community
assembly and metabolic function during mammalian
corpse decomposition. Science. 2016;351:158–162.
[53] Hyde ER, Haarmann DP, Petrosino JF, et al. Initial
insights into bacterial succession during human
decomposition. Int J Legal Med. 2015;129:661–671.
[54] DeBruyn JM, Hauther KA. Postmortem succession of
gut microbial communities in deceased human sub-
jects. PeerJ. 2017;5:e3437.
[55] Adserias-Garriga J, Quijada NM, Hernandez M, et al.
Dynamics of the oral microbiota as a tool to estimate
time since death. Mol Oral Microbiol. 2017; [cited 27
April 2018]. doi:10.1111/omi.12191
[56] Campobasso CP, Di Vella G, Introna F. Factors affect-
ing decomposition and Diptera colonization. Forensic
Sci Int. 2001;120:18–27.
[57] Vass A. Beyond the grave – understanding human
decomposition. Microbiol Today. 2001;28:3.
[58] Paczkowski S, Schutz S. Post-mortem volatiles of verte-
brate tissue. Appl Microbiol Biotechnol. 2011;91:917–935.
[59] Ford WW. On the bacteriology of normal organs.
J Hyg (Lond). 1901;1:277–284.
[60] Tuomisto S, Karhunen PJ, Vuento R, et al. Evaluation
of postmortem bacterial migration using culturing and
real-time quantitative PCR. J Forensic Sci. 2013;58:
910–916.
[61] Clarke TH, Gomez A, Singh H, et al. Integrating the
microbiome as a resource in the forensics toolkit.
Forensic Sci Int Genet. 2017;30:141–147.
[62] Dickson GC, Poulter RT, Maas EW, et al. Marine
bacterial succession as a potential indicator of post-
mortem submersion interval. Forensic Sci Int.
2011;209:1–10.
[63] Olakanye AO, Nelson A, Ralebitso-Senior TK. A com-
parative in situ decomposition study using still born
piglets and leaf litter from a deciduous forest. Forensic
Sci Int. 2017;276:85–92.
[64] Hyde ER, Haarmann DP, Lynne AM, et al. The living
dead: bacterial community structure of a cadaver at the
onset and end of the bloat stage of decomposition.
PLoS One. 2013;8:e77733.
[65] Benbow ME, Pechal JL, Lang JM, et al. The potential of
high-throughput metagenomic sequencing of aquatic
bacterial communities to estimate the postmortem sub-
mersion interval. J Forensic Sci. 2015;60:1500–1510.
[66] Pechal JL, Crippen TL, Benbow ME, et al. The potential
use of bacterial community succession in forensics as
described by high throughput metagenomic sequenc-
ing. Int J Legal Med. 2014;128:193–205.
[67] Johnson HR, Trinidad DD, Guzman S, et al. A
machine learning approach for using the postmortem
skin microbiome to estimate the postmortem interval.
PLoS One. 2016;11:e0167370.
[68] Cobaugh KL, Schaeffer SM, DeBruyn JM. Functional
and structural succession of soil microbial communi-
ties below decomposing human cadavers. PLoS One.
2015;10:e0130201.
110 W. ZHOU AND Y. BIAN
